Summary. This paper discusses basic findings on crowd movement and their application to simulation models. This includes empirical and experimental results concerning group behavior, pedestrian motion, and emergency egress. Next to a literature review, we will present own empirical investigations on walking speed distribution and the dependency of walking speed on group size. The second part of the paper relates these findings to modelling and simulation of crowd movement. This comprises the representation of behavior, calibration and verification and the connection to many particle systems. Finally, we will present an extension of the current microscopic theory (basically underlying all the "individual" models used for real world applications). This includes route-choice behavior and links microscopic and macroscopic behavior..
Introduction: What is it Good for?
This paper describes fundamental properties of models for crowd movement. The real-world systems investigated can -as a crude but justified approximation -be mapped onto many particle systems far from equilibrium. The evacuation from, e.g. a buiding, is then equivalent to a transportation process. Of course, this mapping can only be done by simplifying the influences present in social systems and neglecting most of them, especially the psychological ones. An example for such a simplifications is the description of space as a grid of (usually quadratic cells), as it is done in the software package PedGo. The specific details of the PedGo model are described in another article in these proceedings [21] .
In general, the aforementioned model assumptions lead to several questions. As a motivation, we will start with the most fundamental ones:
1. Why simulate crowd movement and evacuations? 2. And: How?
The answer to the first question is illustrated in fig. 1 . We assume that the necessity for doing research on (empirically and theoretically) crowd movement and emergency egress is unquestioned. Then, the experimental investigation of crowd movement and especially emergency egress are limited by practical, ethical, financial, and logical constraints.
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Simplified Analysis stress/hazards/injuries Fig. 1 . A simplified analysis can basically cover the same range as an evacuation exercise. Aggravating circumstances like hazards can be included via extrapolation of the results obtained. A simulation, however, allows to include those influences via the adaption of the parameters, i.e., the extrapolation is made on the input and leads to an output different from the optimal case.
Furthermore,the scenarios we have in mind usually comprise large populations and structures, e.g. subway stations, football stadiums, passenger ships, etc.
At this point it is also worthwhile to clarify the meaning of the term crowd. Figure 2 sheds light especially on the distinction between gatherings and mobs. 4 When the term crowd or mass is used in this paper (as defined in the figure), only the former are addressed. 2 . Classification of crowds: [5] . Crowds are large groups that occupy a single location and share a common focus. One should probably also add passengers to the left branch.
This paper focusses mainly on the theoretical aspects of crowd dynamics modelling. We will refer to our other paper in this book [21] when it comes to specific model details of the cellular automaton model. First, however, let's have a look at empirical findings.
Investigation of Crowd Movement
Researchers from many disciplines -mostly traffic anc civil engineers -have investigated pedestrian and crowd movement for planning and design purposes. [3, 4, 6, 7, 29, 30, 37, 39] The following figure 3 shows a rough classification of empirical and experimental situations. Empirical in this context corresponds to observations (uncontrolled) and experimental to controlled situations.
Empirical Investigations
The following table 1 summarizes some of the major sources for data on pedestrian (single persons) and crowd (many persons) movement. In [14] the distribution for the directed walking speed (x-component) is Maxwellian and for its absolute value (velocity) -according to Maxwell's theory for kinetic gases -Gaussian. This summary is restricted to quantitative results and therefore mainly comprises data on walking speed, interpersonal distances and flow-density-relations. Figure 4 shows the curve of a flow-density-relation [38] . It was obtained by averaging over several results for walk-and passageways. Such a curve is especially useful for model calibration [21] : The same curve can be obtained by simulating a long and narrow hallway for all accessible densities (0 to ρ max , where ρ max is the maximum density the model allows) [18, 23] . ! The curve is a fit to empirical data [38] .
For the case of stairs, the flow depends on the slope, of course. However, it does not seem to decrease significantly compared to flat terrain for the scenario depicted in fig. 5 . This is probably due to the fact that stairs are equipped with handrails. However, the walking speed might well decrease (note that j = ρ · v ) [2] .
We have also carried out studies on person flow at the world exhibition (EXPO) 2000 in Hannover, Germany. The frequency distribution for the walking speed on a (flat) pedestrian bridge is shown in fig. 6 . Table 1 . Summary of the empirical data found in the literature. The results are described in more detail in the text. FWHM is short for Full width at half maximum (θ). If no explicit formula or type of distribution is given θ is used to characterize the width of the distribution (for the probability density it holds f (µ ± θ) = 1/2 f (µ)). Additional reviews for the walking speed on stairs can be found in [6] and for the flow on stairs and and surface level in [9] . 
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Walkways/Urban [7, 37, 38] Buildings [29, 30] A normal distribution has been fit to the data using the mean and standard deviation of the empirical distribution as well as adapted values. 5 The data and the fitted curves are shown in fig. 6 . The mean value obtained was µ = v x = 1.30 m/s and the standard deviation σ = 0.21 m/s. The third moment of the distribution 3 . This shows that the distribution is not symmetric but slightly skewed towards the origin. The parameters for the second fit-curve shown in fig. 6 are µ = 1.28 m/s and σ = 0.2 m/s.
A second aspect of this investigation is the dependence of the walking speed on the group size. Several persons were identified as a group if the distance between at least two of them was not larger than about 1 m, they walked at the same speed, and in the same 'formation', i.e., they actually formed a social group. Table 2 shows the decrease of the walking speed with increasing group size. It is interesting to note that groups larger than 6 persons were not observed. Of course the statistics for the larger groups are less reliable since they rarely occurred. A second aspect of this investigation is the dependence of the walking speed on the group size. Several persons were identified as a group if the distance between at least two of them was not larger than about 1 m, they walked at the same speed, and in the same 'formation', i.e., they actually formed a social group. Table 2 shows the decrease of the walking speed with increasing group size. It is interesting to note that groups larger than 6 persons were not observed. Of course the statistics for the larger groups are less reliable since they rarely occurred.
Nevertheless, this information could be useful when integrating the influence of group size into a theory for crowd movmeent. At the moment there is -to our knowledge -no model that incorporates the influence of groups on the dynamics of crowd movement. (i.e., walking speed of groups vs. group size). This couldas a first approximation -be done by reducing the walking speed according to the group size. Of course, this would also require knowledge about the division of the population into groups and the distribution of group sizes. Finally, we would like to mention two phenomena that can be observed in moving crowds: lane formation [41] (cf. fig. 7 and clogging [28] . For a more detailed overview and discussion, please refer to [20] .
Experiments
Hitherto,we have described empirical results (uncontrolled situations, cf. fig. 3 . Another important source of knowledge are ewxperiments, of course. However, they are often expensive and complicated to carry out. A full scale trial for the evacuation of a Ro-Ro passenger ferry, e.g., cost about GBP 30,000 in 1999 [40] .
An experiment on the evacuation of passenger aircraft is described in [27] . One of the major results, namely the existence of a minimal critical exit width, could quantitatively be reproduced in simulations! [19] . The empirical data are shown in fig. 8. 
Accident reports
Finally, data about behavior in a real emergency can usually only be obtained via accident reports. Sometimes, there are also CCTV (closed circuit television) recordings available.
The awareness and response (pre-movement) times for complex buildings were investigated in [31] . The collapse of the World Trade Center in 2001 is subject of an intensive investigation by NIST [10] . Figure 9 shows the basic strategies of occupants in case of an emergency in complex buildings. The more complex a building is and the less the mobility the more difficult is the egress from a building. This leads to a distinction between four different strategies: egress, slow egress, move to refuge, and defend in place [1] .
Simulation of crowd movement
Basics
The method of choice to extent the results to scenarios not accessible (due to the aforementioned constraints) via observations and experiments are simulations. On the other hand, looking at fig. 10 it is clear, that one cannot model crowd movement based on firtst principles (like it is possible for, e.g., Molecular Dynamics simulations). , which aims at even modeling the decision making process [17] . However, the more complex approaches are not completely different from the basic ones but include additional features. Therefore, the autonomy and interaction increase first the top but are not completely absent and completely present in one case or the other. These qualities are rather a question of interpretation than of direct representation in a set of rules.
Once it is clear, that a model for crowd movement is phenomenological anyway, there seems to be no reason why not to chose the most simple approach one can come up with. However: As simple as possible but no simpler. This meanslooking at fig. 10 -starting at the bottom and then adding complexity when necessary. The corresponding scenarios range from a single room or hallway to measure flow-density-relations (corresponding to "no individuality" in fig. 10 ), via structures with one floor and few exits (plattforms, small buildings), to very complex scenarios (large arenas, cruise ships, airports, etc.) corresponding to "strategic" in fig. 10 .
We will first use grid-based models as an example to specify some of the thoughts previously outlined.
Model Details -Grid Based Models
The scenarios considered in an investigation of pedestrian dynamics can be classified according to several criteria. These criteria are summarized in fig. 11 .
According to these modelling criteria, a grid-based model (or cellular automaton, cf. table. 3 is microscopic, general, quantitative, and usually stochastic.
For the ease of the reader, table 4 summarizes the characteristics of the PedGo model [21, [24] [25] [26] 36] . Of course, the criteria shown in table 3 apply also.
Other Models
We have already mentioned (in the introduction) that crowd movement can be mapped onto transportation processes. In this context, the connection between transportation processes and spin models might well become of interest in the future also first principles estimation deterministic stochastic specific general qualitative quantitative microscopic macroscopic discrete continuous analytical numerical Fig. 11 . Modeling criteria that can be used for classifying different theories and models [8] . The major choices for models and simulations of crowd movement are discrete vs. continuous and stochastic vs. deterministic. Table 3 . Definition of a cellular automaton. The assumption of a regular lattice and a uniform neighborhood is in accordance with complex geometries, since the set of states S also contains information about whether a cell is accessible or not (i.e., a wall cell, w in table 4).
Definition
Description Correspondence between stochastic non-equilibrium particle systems and quantum many body systems. For single-species exclusion processes the mapping can be to spin systems, as indicated in the second row [35] .
Calibration
Concerning the calibration of the basic properties of crowd movement, there are three major issues:
• Maximum density
• Walking speed
• Time scale (decision making or reaction time) 6 For the case of grid-based models, theses issues have been investigated by varying cell size and walking speed in [18] .
Full Scale Trials -Verification
Finally, real world scenarios comprise many influences, which usually cannot be separated into isolated factors. Therefore, it is also necessary to reproduce th results of full scale trials in a simulation, where these factors influence each other and might lead to phenomena not present in less complex situations. An illustrative example is counterflow, which will -due to the lack of space -not be elaborated at this point, however. The interested reader might refer to [16, 32] .
The Micro-Macro Link
Microscopic models might not be able to cover all aspects of crowd movement, even when neglecting most of the psychological and social influences (cf. section 1). The most prominent example in this context is presumably route-choice, which is a strategic (cf. fig. 10 ) and non-local (cf. fig. 3, bottom and fig. 13 ) task. Figure 13 (right) exemplifies an elegant solution of the route-choice problem within the microscopic framework: A graph superstructure is defined to represent the topology of the floorplan. Then, standard graph theoretical algorithms (e.g., Dijkstra's) can be applied to find the shortest path using the appropriate weigths. These weigths are set to represent the scenario under consideration (e.g., distance, familiarity, availability, crew influence, etc.).
For more and general information on network-flow approaches to the evacuation problem, please refer to [11] . 
Summary and Conclusions
In this paper, the basic properties of a specific grid based model for simulating the dynamics of crowd movement was described. The focus was mainly on egress simulation. However, the model is applicable also to non-emergency situations. When comparing the discrete space (and time) model to other similar and especially continuous models, it becomes clear that the differences are subtle. It depends mainly on the application one has in mind, what the preferable model or model variant is. However, I am aware of the fact, that this statement is controversial and other researchers argue, that models for pedestrian dynamics can be universal in the sense that there is no adaption of the parameters necessary for different scenarios.
